The absence from the medium of any of the 13 amino acids essential for cell growth has an inhibiting effect on the multiplication of adenovirus 9-I5 and adenovirus I in HeLa cell cultures. The inhibition is accentuated by previous amino acid starvation of the cultures. Whereas with arginine deprivation, the arginine pool inside the cells is at a minimum within 3o rain, the cells are assumed to adapt slowly to the new metabolic state, which is characterized by an increased 'turnover' of protein synthesis. With arginine deficiency and in Hanks' BSS some synthesis of virus and capsid proteins takes place. Quantitative and possibly qualitative differences between the influence of the various deficient media were observed.
INTRODUCTION
Arginine is an essential medium constituent for the multiplication of adenoviruses in cell cultures (Rouse, et al. I963) . It is also required for the development of several other DNA viruses (Tankersley, I964; Goldblum et al. I968; Holtermann, 1969) . Despite a number of investigations (Russell & Becker, 1968; Everitt et al. I971 ; Raska et al. I972; Rouse & Schlesinger, 1972) , the inhibition mechanism operative in arginine deprivation is by no means clear. The role of arginine in adenovirus multiplication was thought to be unique for this amino acid (Rouse & Schlesinger, 1967, I972) . However, few studies on the effect of deficiency in other amino acids have been reported (Rouse et al. 1963; Rouse & Schlesinger, I967; Russell & Becker, I968; Pett & Ginsberg, I97I ) .
This investigation compares the effect of deficiency in various single amino acids on the formation of infectious virions and of biologically active capsid proteins. The effect of starvation of the cell cultures prior to infection (we-starvation) is also investigated, together with the application of an extremely deficient medium, namely Hanks' balanced salt solution (BSS). Some insight into the mechanism of inhibition by amino acid deficiency may be gained from experiments, in which deficient and complete media were used successively, and from others with metabolic inhibitors, applied after treatment with deficient media. Experiments on the speed wi~h which the intracellular arginine pool responds to arginine del~rivation, and others to test the features of protein synthesis under conditions of amino acid starvation are also reported. They lead to a hypothesis on the cause of the amino acid deficiency effect.
base-line control. To allow an easy comparison, relative infectivity titres given were normalized to a 48 h virus control of r :Iz8.
Tracer experiments
Protein synthesis kinetics. Tritiated leucine at a final concentration of I #Ci/ml was added to uninfected HeLa cells under MEM, or to cells from which the MEM had been replaced by BSS +leucine, or MEM without arginine (MEM-arg); all media contained identical concentrations of leucine. Samples were taken at intervals, washed three times with cold PBS, harvested with a silicone policeman, sonicated and centrifuged for 5 min at xooo g and 4 °C. To avoid artefacts in the protein determination step when pipetting crude suspensions and covering the filters used for tritium counting with coarsely dispersed material, only the soluble moiety of the protein was measured. In general, similar results were obtained if the protein in the insoluble moiety in the Iooo g pellet was dissolved in o'5 M-NaOH for z h at 6o °C, centrifuged, neutralized and the radioactivity counted and related to the protein and radioactivity content of the soluble fraction. Part of the supernatant served for determination of protein concentration. To a sample of the supernatant, bovine serum albumin was added as carrier protein and precipitated with an equal volume of ice cold 5 % TCA. The TCA precipitate was filtered on Whatman glass fibre filters. The filters were washed thoroughly with 2"5 % TCA and their radioactivity determined using a standard toluene scintillation cocktail. Radioactivity was normalized to the amount of protein determined.
DNA synthesis rate. HeLa cells were grown in Petri dishes until confluent, infected with
Ad 9-I5 at a m.o.i, of Ioo TCIDs0/cell , or mock-infected, and pulsed with o'5 #Ci ZHthymidine/ml. Harvesting of sample cultures at the end of the r h pulse and further treatment was as in the previous paragraph.
Arginine pool and its reduction after removal of arginine from the culture medium. HeLa cell monolayers in Petri dishes were pulsed with I #Ci/ml 3H-arginine for I h. The radioactive MEM was then removed, the cells washed quickly twice with MEM-arg and provided with MEM -arg. At intervals, sample cultures were chilled by putting the dishes on a tray covered with crushed ice, washed once with MEM-arg and harvested as described in the previous paragraphs. The Ioo g supernatant of the sonicate was precipitated with TCA and centrifuged at zooo g. Radioactivity in the precipitate was determined as in the previous paragraphs, in the supernatant by counting a sample in Bray's solution. The latter was taken as a measure for the free arginine within the cells. All radioactivity values were given relative to the amount of cell protein determined. Since only the shape of the resulting kinetic curves was of interest and a direct comparison of absolute radioactivity values was not intended, we made no effort to normalize the counting yield of the toluene cocktail to that of Bray's solution.
RESULTS

Arginine pool estimation; protein metabolism
The original hypothesis (Rouse & Schlesinger, I967) that the primary cause of the arginine deficiency effect is an intracellular arginine pool too ?gw to allow the synthesis of protein especially rich in arginine, which has since been questioned (Everitt et al. I97I; Rouse & Schlesinger, I97Z) , is still favoured by some authors (Hosokawa & Sung, I976) .
Virtually all proteins contain some arginine, as do the capsid proteins, which are synthesized in considerable amounts under arginine deficiency (Rouse & Schlesinger, I972) . Even arginine-rich proteins have been found to be synthesized in arginine-deprived cells (Prage & Rouse, 1976) . The question arises as to how synthesis of arginine-containing proteins can be possible in the absence of arginine. Does lack of this amino acid influence the intracellular arginine pool only slightly or perhaps only slowly ? Fig. I shows that the arginine pool in HeLa ceils is reduced to 15% or less within I5 to 3o min after withdrawal of arginine from the medium. Afterwards it stays constant for more than 4o h in infected and uninfected cells. It could be assumed that the diminished arginine pool might allow the synthesis of virus proteins only in limited amounts without a further marked reduction of the pool for 40 h. But is protein synthesis in general decisively reduced under conditions of arginine deficiency ?
To answer this question, we studied the incorporation of aH-leucine into acid-precipitable material in uninfected HeLa cells under MEM, BSS+leucine or MEM-arg. The solid line (filled circles) in Fig. 2 represents continuous 3H-leucine incorporation into cells that had been held under MEM and had not been subjected to a medium change. If the MEM is changed for fresh MEM at time zero, 3H-leucine incorporation is considerably stimulated (open circles). A medium change to BSS+leucine (filled triangles) or MEM-arg (open triangles) leads to a similar incorporation rate of 3H-leucine. The same experiment was performed with MEM-phe and gave nearly identical results. Very similar kinetics resulted when we used 3H-valine as labelled precursor and tested MEM, MEM-arg, MEM-phe and BSS +val as deficient media (data not shown).
The problem remains as to where the arginine necessary for this protein synthesis comes from. If arginine was only consumed in the cells without having the pool replenished, protein synthesis would soon stop completely due to arginine deficiency. Since arginine is not provided from outside the cells, it has to be supplemented by destruction of cellular proteins. All the protein synthesis in cells under arginine deficiency can therefore only be 'turnover synthesis'. Since replacement of the MEM by fresh MEM or by the deficient media leads to approximately the same stimulation, the 'turnover synthesis' in the starved cells approaches the undisturbed protein synthesis in unstarved cells. "'~" 
hydrolysed, considerable amounts of all amino acids are set free. The additional amino acids will then be able to replenish all the pools of amino acids of which the cell is starved (see the protein synthesis kinetics in Fig. 2 for cells held under BSS+Ieu). The cell will reply to amino acid starvation with a set of regulation steps designed to re-balance the concentration of each amino acid to an appropriate level. Thus we conclude that arginine deficiency leads to a fundamental change in the metabolism of the cells, especially in the control of protein synthesis and breakdown. Without previous starvation (Fig. 3 a) , some virus multiplication was evident even under BSS, MEM-arg and BSS + arg+vit. The effect of a deficiency in other amino acids was strong for met, phe, thr, leu, and tyr, moderate for trp, glu, and val, and slight or absent for his, lys, ile and cys. When the cultures were starved before infection, the inhibitory effect exerted by an amino acid deficiency was markedly accentuated. Even a deficiency in ile or cys reduced the virus yield to about 25%. Under BSS and MEM-arg, infectious virus is not formed at all, while there is still some synthesis of capsid proteins. If pre-starvation was performed with the corresponding deficient medium instead of BSS, nearly identical results were obtained (data not shown). 
Multiplication of adenovirus 9-I5 in cultures containing deficient media
Multiplication of adenovirus I under deficient media
For comparative purposes we tested Ad I, which belongs to the same subgroup as Ad 2 and Ad 5, which are the most throroughly studied human adenoviruses. The influence of amino acid deficiency is similar to that observed with type 9-I5 (data not shown). The same inhibition pattern was obtained if cultures were inoculated with purified Ad I.
Comparison of the synthesis of infectious virus, dodecon and hexon
In BSS and in MEM-arg, virus infectivity was reduced to a greater extent than haemagglutination (for dodecon) and CF (for hexon) in the great majority of experiments. On the other hand, for a medium deficient in threonine or tyrosine, haemagglutination titres were much more reduced than infectivity, often down to undetectable levels. The reduction of CF activity was usually less pronounced than that of infectivity (cf. Fig. I ). Lysine was the only amino acid whose lack caused a balanced reduction of all three activities. These results suggest that lack of different amino-acids may lead to distinct states of cell metabolism, in which blocking of virus multiplication may be due to different causes. Table I shows the results of ~6 and 48 h pre-starvation with BSS or with media lacking arg or phe. The extended starvation period indeed led to a further reduction of virus multiplication; in arg-or phe-deficient media hardly any virus material could be demonstrated. After prolonged starvation in BSS, however, capsid proteins were still formed. This was also found in cultures kept in BSS for 72 h before inoculation, or in others in which the BSS was renewed during the 48 h (data not shown). It is apparent from the last line of Table I that cultures maintained for 48 h in BSS are perfectly able to replicate virus; this starvation obviously has no permanently damaging effect on the cells. -, indicates same as background infectivity (i.e. 1:0"25 for infectivity).
Influence of prolonged pre-starvation
Reversibility of inhibition
Cell cultures were incubated I6 h before infection with deficient media or with BSS; with regard to reversibility there was no difference between these two treatments. The cultures were then infected and kept in deficient media till 14 h p.i. ; the media were then replaced by complete MEM and 24 h later the cultures were harvested. Mean infectivity titres from three experiments are shown in Fig. 4 (a, upper line) ; the lower line shows titres obtained 48 h p.i. in the respective medium without reversal. An obvious reversal of the inhibition is seen, but this is incomplete with all amino acid deficient media (ile and cys were not studied). In the majority of cases the virus yield obtained under the indicated conditions is about 25 % of the controls. It is still lower with BSS and MEM -arg. When the cell cultures were incubated in MEM after reversal for 48 rather than 24 h, the virus yield did not markedly increase.
The haemagglutination titres showed the same behaviour as the infectivity, while CF activities after reversal generally approached virus controls more closely than did virus infectivity (data not shown).
Successive application of amino acid deficiency and metabolic inhibitors
Some insight into the inhibition mechanism of amino acid deficiency may be gained from results of experiments in which amino acid deficiency was followed by MEM supplied with FdUrd, actinomycin, or cycloheximide. In these experiments we tested which sort of macromolecular synthesis was necessary for the reversal of amino acid deficiency. The technique was the same as in reversal experiments: pre-starvation of the cultures, 24 h amino acid deficiency, then complete MEM with added inhibitors for 24 h and, finally, harvesting of the cultures. The virus yields obtained are shown in Fig. 4 (b, c and d) as mean values from three experiments; they have to be compared with the upper line of Fig. 4a (reversal) . Despite the inhibition of DNA replication or transcription by FdUrd or actinomycin respectively, the virus yield obtained after treatment with MEM plus inhibitor approaches that obtained after simple reversal of the amino acid deficiency. If the deficiency from o to 24 h p.i. in any of the amino acids is reversed with MEM plus cycloheximide, however, virus multiplication is completely obstructed. This was to be expected, since no virus is formed in cells under amino acid deficiency within 24 h p.i. (data not shown), and application of cycloheximide to infected cells under MEM at 34 h p.i. is able to block any further virus formation (Wigand & Schmieder, I973) As a control, we established the DNA-synthesis kinetics in Ad 9-I5 infected HeLa cells (Fig. 5) .
Successive application of complete and deficient media
These experiments were designed to reveal the latest time at which post infection amino acid deficiency has to be introduced to be able to interfere with the process of virus multiplication in infected cells under complete medium. Cultures were infected and kept under complete MEM for 8, I2, I6 or 20 h. After washing the cells thoroughly, the cultures were supplied with BSS, MEM-arg, MEM-phe or complete MEM. By this procedure the amino acid deficiency affects the virus multiplication before virus DNA replication begins 
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--* Virus yield in deficient medium (or MEM), without previous incubation in MEM.
(8 h p.i.), before the bulk synthesis of capsid proteins (I2 h p.i., see Wigand & Schmieder, 1973) or during virus maturation (I6 and 20 h p.i.) . Sample cultures were harvested I2, 24 and 48 h later. Under these conditions (see Table 2 ) no further virus multiplication was seen in cultures incubated for up to 20 h p.i. or 16 h p.i. in complete MEM and incubated further in BSS or MEM-arg, respectively. MEM without phenylalanine partially inhibited virus multiplication when applied from I6 h p.i. onwards.
In other experiments, cells were incubated in MEM till r6 h p.i., as before; the medium was then replaced by MEM containing cycloheximide. Ten h later the inhibitor was removed and the cultures were incubated with BSS, MEM-arg, MEM-phe or complete MEM, and harvested I2, 24, and 48 h later. No higher virus yields were obtained than those given in Table 2 without intermittent application of cycloheximide.
It is known from earlier investigations (Wigand & Schmieder, 1973 ) that inhibition of DNA synthesis by 5 #g/ml FdUrd or 5o0 #g/ml hydroxyurea applied I6 or 20 h p.i. is not able to prevent adenovirus multiplication.
We conclude that impairment of protein synthesis simulates the arginine deprivation effect while inhibition of DNA synthesis does not.
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DISCUSSION
Little information on the effect of a deficiency in amino acids other than arginine on adenovirus multiplication is available from published results (Rouse et al. I963 ; Rouse & Schlesinger, 1967; Russell & Becker, I968) . In a brief communication, Pett & Ginsberg (197 I) reported on a complete inhibition of Ad 5 multiplication in the absence of methionine, which is in agreement with our results.
Rouse & Schlesinger (i972) and Raska et al. (I972) have demonstrated that under conditions of arginine deficiency, virus DNA, RNA and all polypeptides of the virion known at that time are formed. They further reported that after reversal of arginine deficiency, the previously formed virus DNA is incorporated into virus particles, while the previously synthesized polypeptides are not. This incorporation of DNA into virions after reversal of the arginine deficiency does not by itself prove that this DNA is contained in infective particles and that it is a true replicate of the parental virus DNA, able to effect virus multiplication. In fact, an impairment of DNA synthesis could have been expected, since deficiency in many amino acids was found to be linked with interruption of DNA synthesis, severe chromosqme fragmentation and accumulation of lysosomes (Ackermann et al. I966; Otsuka & Terayama, I966; Hare, 1968; Freed & Schatz, 1969) .
Thus, the question of whether a faulty virus DNA could be the primary cause of the amino acid deficiency effect, which is the explanation favoured by Raska et al. (I972), was still not settled. Our experiments show that it cannot be at any stage of the DNA synthesis that the block might lead to the reduction of the virus yield for the following reasons. In Ad 9-I5 infected HeLa cells virus DNA synthesis starts at 8 h p.i., is maximal at I6 to 20 h p.i. and decreases after 24 h p.i. (Fig. 5) . If amino acid deficiency is applied as late as i6 h p.i. for MEM-arg or even 20 h p.i. for BSS, it is still able to block virus synthesis (see Table 2 ). Hence the mechanism of this block is obviously effective at a time later than 16 to 20 h p.i. If DNA synthesis is blocked by appropriate inhibitors at I6 or 20 h p.i., large amounts of virus are formed (Wigand & Schmieder, 1973) .
Since cycloheximide does not stop the synthesis of virus DNA once it has started (Horwitz et al. 1973) , virus DNA can accumulate until 26 h p.i., while protein synthesis is blocked during the inhibitor treatment. Thus, virus cannot be formed under conditions of arginine deficiency or in BSS, even if the full amount of normally synthesized non-defective virus-DNA is available. A plausible explanation for these experiments is that very late in the replication cycle a distinct protein (or class of proteins) necessary for the formation of infectious virus has to be formed. This protein cannot be synthesized during the presence of cycloheximide. Under arginine deficiency it either may not be synthesized at all or not in a functional form. As the experiments with actinomycin D show, this protein seems to be translated from an mRNA which is transcribed before 16 h p.i. even under amino acid deficiency.
It is possible that some necessary processing of DNA, whether it is packing into chromosome-like structures (Pearson & Hanawalt, I97I ; Corden et al. ~976) or a late stage of the integration of the adenovirus-DNA into cellular DNA (Burger & Doerfler, 1974) , might not be achieved under conditions of arginine deficiency (G. Kfimel & D. Lentfer, unpublished results) . Any such process would have to take place very late in the replication cycle. We conclude that at the time when the first newly synthesized virus has already started to accumulate in the cells and nearly all the virus DNA has been synthesized 06 to 2o h p.i.), the introduction of arginine deficiency stops a process that is also blocked by the alternative application of cycloheximide.
